We examined the distribution of parvalbumin in the pigeon thymus by light and electron microscopic immunohistochemistry. Tissues were also examined by conventional electron microscopy to determine the ultrastructure of immunoreactive cells. Parvalbumin immunoreaction was located in epithelial cells of the cortex, which formed dense mesh-like structures. Parvalbumin-positive epithelial cells were classified into 2 types. The first comprised elongated cells. In these, the nucleus was spindle-shaped, oval, or triangular, with a slightly irregular contour and contained rich heterochromatin peripherally. The cytoplasm was pale and processes extended laterally or ramified among the surrounding thymocytes. This type of cell formed the majority of immunoreactive cells. The other cell type consisted of polygonal epithelial cells. The nucleus was oval with deep indentations. Euchromatin occupied a large part of the nucleus. The cytoplasm contained numerous cell organelles compared with the elongated type, in particular, electron-dense vacuoles of various sizes and often bundles of tonofilaments. Both types of epithelial cell were interconnected by desmosomes. No secretory granules were found in the cytoplasm of elongated or polygonal cells. These results indicate the presence of heterogeneous group of parvalbumin-immunoreactive epithelial cells and suggest the likelihood of different functional roles for parvalbumin in the pigeon thymus.

Epithelial cells of the mammalian thymus secrete cytokines and neuroendocrine peptides into the microenvironment within the thymus (Moll, 1997 ; Geenen et al. 1998) . The same features have also been described in the chicken thymus (Marsh & Scanes, 1994) , but neuroendocrine peptides are secreted by endocrine cells located in the medulla (Atoji et al. 1997) . Epithelial cells in the avian thymus are basically classified into 4 types based on ultrastructural examination (Frazier, 1973 ; Kendall & Frazier, 1979) . In the cortex, 2 types of epithelial cell, dark and pale, are identified by conventional electron microscopy. Cortical epithelial cells are slender in shape, have an elongated nucleus with rich heterochromatin, contain tonofilaments, and are linked to each other by desmosomes.
Parvalbumin, formerly known as avian thymic hormone (Brewer et al. 1990) , plays an important role in the development of T lymphocytes (Murthy et al. Correspondence to Dr Yasuro Atoji, Laboratory of Veterinary Anatomy, Faculty of Agriculture, Gifu University, Yanagido 1-1, Gifu 501-1193, Japan. Tel. : (j81)58-293-2936 ; fax : (j81)58-293-2840 ; e-mail : atozi!cc.gifu-u.ac.jp 1984). Parvalbumin is localised selectively in cortical epithelial cells of the chicken thymus (Kira! ly & Celio, 1993 ; Hapak et al. 1996) . Since the above immunohistochemical studies were performed at the light microscopic level, it is not clear whether both or either of the 2 types of cortical epithelial cell are positive for parvalbumin. This issue could be resolved by studies using immunoelectron microscopic examination of the avian thymus.
Morphological characterisation of epithelial cells of the avian thymus has mainly been undertaken in the chicken and little is known about these cells in other species. However, an increasing number of studies have been conducted lately to examine the pigeon thymus (Ciriaco et al. 1996 ; Atoji et al. 1999) . In the present study, we investigated the morphological characteristics of thymic cortical epithelial cells in the pigeon by parvalbumin immunostaining by light and electron microscopy. To characterise the fine structure of these cells, tissues were also examined by conventional electron microscopy. 
  

Animals
Six pigeons (Columba livia, 4 males, 2 females, aged 3 wk) were used. Animals were treated according to the Guidelines for Animal Care approved by the Animal Experiments Committee of the Faculty of Agriculture, Gifu University. The animals were kept in individual cages, and food and water were provided ad libitum.
Immunohistochemistry
Light microscopy. Four animals were deeply anaesthetised by intravenous injection of sodium pentobarbital (50 mg\kg), and perfused transcardially with Ringer's solution followed by fixation with 4 % paraformaldehyde in 0n1  phosphate buffer (pH 7n4). The thymus was removed and postfixed in the above fixative. Tissues were dissected out, embedded in paraffin, and then cut into 4 µm thick sections. Deparaffinised sections were immersed for 30 min in 0n3% H # O # -phosphate-buffered saline (PBS, pH 7n4) and incubated in 2 % normal horse serum for 30 min at room temperature. Sections were incubated with antiparvalbumin mouse IgG (1 : 10 000 ; Swant, Switzerland) overnight at 4 mC. Sections were then rinsed 3 times (5 min each) in PBS and incubated for 30 min at room temperature with biotinylated horse antibody against mouse IgG (1 : 500 ; Vector Laboratories, USA). After 3 washes in PBS, they were incubated for 30 min at room temperature with avidin-biotin-peroxidase (ABC) complex (Vector Laboratories). After 3 rinses in PBS, peroxidase activity was visualised by incubating the sections in 0n05  Tris-HCl buffer (pH 7n4) containing 3,3h-diaminobenzidine tetrahydrochloride (20 mg\100 ml) and 0n003 % H # O # . Sections were lightly stained with haematoxylin, dehydrated in a series of graded ethanol solutions, cleared with xylene and coverslipped with balsam.
Electron microscopy. Thymus glands preserved in a 4 % paraformaldehyde fixative were cut at 200 µm with a Microslicer (Dosaka, Japan). Sections were immersed for 30 min in 0n3% H # O # -PBS and incubated in 2 % normal goat serum for 60 min at room temperature. Sections were then incubated with antiparvalbumin mouse IgG (1 : 10 000) overnight at 4 mC. In the next step, sections were rinsed 3 times in PBS and incubated for 60 min at room temperature with horseradish peroxidase-labelled goat antibody against mouse IgG (1 : 500 ; Tago Inc., USA). After 3 rinses in PBS, peroxidase activity was visualised by incubating the sections in 0n05  Tris-HCl buffer (pH 7n4) containing 3,3h-diaminobenzidine tetrahydrochloride (20 mg\100 ml) and 0n003 % H # O # . They were then postfixed in 1 % OsO % in 0n1  phosphate buffer (pH 7n4) for 30 min at 4 mC, dehydrated in a series of graded ethanol solutions, and embedded in epoxy resin. Ultrathin sections were contrasted lightly with uranyl acetate and lead citrate, and then examined in an electron microscope (H-8100, Hitachi, Japan) at 75 kV.
For immunohistochemical controls, sections were incubated by (1) replacing the primary antibody with nonimmune mouse IgG or by (2) omitting the primary antibody. In both cases, specific reactivity was not observed in the sections.
Electron microscopy
Two pigeons were used in these studies. Animals were deeply anaesthetised by intravenous injection of sodium pentobarbital (50 mg\kg), and perfused transcardially with Ringer's solution followed by a mixture of 2 % glutaraldehyde and 2 % paraformaldehyde in 0n1  phosphate buffer (pH 7n4). The thymus was removed, cut into small blocks, and postfixed in the same fixative at 4 mC. They were then postfixed in 1 % OsO % of 0n1  phosphate buffer (pH 7n4) for 2 h at 4 mC, dehydrated in a series of graded ethanol solutions, and embedded in epoxy resin. Ultrathin sections were contrasted with uranyl acetate and lead citrate and examined in an electron microscope.

Immunohistochemistry
At the light microscopic level, parvalbumin immunoreaction was restricted to the thymic cortex where positive cells formed dense meshwork structures (Fig. 1 a). Parvalbumin-immunoreactive cells extended several cytoplasmic processes. These seemed to be connected with each other. The nucleus of positive cells usually showed a weak to moderate reaction with deposits on heterochromatin. The positive cells showed unequivocal characteristic features of epithelial cells. Based on the morphology of the cell body, parvalbumin-immunoreactive epithelial cells were classified into 2 types. The first consisted of elongated cells while the second were polygonal (Fig.  1 b) . Elongated epithelial cells were predominant within the parvalbumin-immunoreactive meshwork. Thymocytes located within positive meshworks were not immunostained.
Immunoelectron microscopic examination showed deposition of reaction products in the cytoplasm and heterochromatin, but none was present in the nucleolus. Parvalbumin-immunoreactive cells were divided into 2 types based on the shape of the nucleus and the chromatin. The first included elongated cells with a nucleus of slightly irregular contour (Fig.  2 a, b) . Rich heterochromatin was deposited on the inner surface of the nuclear membrane. In cells with spindle-like nuclei, the cytoplasmic processes extended bilaterally among thymocytes (Fig. 2 a) . When nuclei were triangular in shape, the cells gave rise to 3 extended processes (Fig. 2 b) . In these cells, the cytoplasm contained ribosomes and mitochondria ; desmosomes were present. In polygonal cells, the nucleus was oval, with deep indentations and was filled largely with euchromatin ( Fig. 2 c, d ). The nucleus was often lobulated. More than 3 cytoplasmic processes extending from the cell body were usually found spreading among immunonegative thymocytes. In the cytoplasm, these cells also contained ribosomes, mitochondria, and vacuoles of various sizes. Desmosomes between adjacent cells were evident.
Electron microscopy
Both types of epithelial cell identified on immunoelectron microscopy were also found by conventional electron microscopy. They contained lucent or pale cytoplasm. In elongated epithelial cells, the nucleus was spindle or oval in shape with a slightly irregular surface. Heterochromatin was conspicuous. The cytoplasm contained abundant poly-or monoribosomes and a few cell organelles such as mitochondria, flattened rough-surfaced endoplasmic reticulum and Golgi apparatus (Fig. 3 a, b) . The volume of the cytoplasm varied among cells and the cytoplasmic processes only contained ribosomes. In polygonal epithelial cells, the nucleus was pale with deep indentations. Abundant cell organelles were noted in these cells compared with elongated cells (Fig. 3 c, d ). Characteristically, several vacuoles of various sizes were present, which frequently contained electrondense flocculent substances or small vesicles. A few bundles of tonofilaments were often seen in the cytoplasm. Adjacent epithelial cells were interconnected by desmosomes. Polygonal epithelial cells did not show phagocytosis, which was characteristically seen in macrophages. In both types of cell, no secretory granules were observed in the cytoplasm.

The present study has demonstrated the presence of 2 types of parvalbumin-immunoreactive cortical epithelial cell in the pigeon thymus and has investigated their fine structure. The 2 types of parvalbuminimmunoreactive epithelial cell were identified by light microscopic observation. Previous studies on the chicken thymus indicated that parvalbumin-positive epithelial cells are of a single cell type (Kira! ly & Celio, 1993 ; Hapak et al. 1996) .
Nuclear localisation of parvalbumin immunoreactivity was seen in types of epithelial cell at the electron microscopic level in the present study. Nuclear staining of parvalbumin has been also reported in other cell types. Two types of stained and unstained neuronal nuclei with parvalbumin were observed in the chicken neostriatum (Braun et al. 1991) . However, it is not clear whether nuclear immunoreactivity is due to staining procedures or reflects some functional relevance.
Dark and pale cortical epithelial cells are found in the chicken thymus (Frazier, 1973) . The latter cell type contains a pale nucleus and elongated cytoplasm which contains ribosomes, fibrils, vacuoles, and dense granules of various sizes. The dark epithelial cells show high electron density both in the nucleus and cytoplasm and they constitute only a small proportion of the thymic cortical epithelial cells. Dark cells in mammalian thymic cortex appear to be degenerated as suggested by van de Wijngaert et al. (1984) . Dark and pale cortical epithelial cells are also seen in the thymus of the quelea, sparrow, and starling (Kendall & Frazier, 1979) . In this case, the dark epithelial cells in the 3 species appear to be comparable to the pale cortical epithelial cells in the chicken thymus reported by Frazier (1973) . On the other hand, pale epithelial cells with a heterochromatin-rich nucleus contain numerous electron-lucent inclusions in the cytoplasm and show phagocytosis. They are less numerous in the cortex than in the medulla.
In the present study, parvalbumin-immunoreactive elongated epithelial cells with a heterochromatin-rich nucleus morphologically resembled the pale epithelial cells reported by Frazier (1973) and the dark epithelial cells by Kendall & Frazier (1979) . A major difference between the pigeon and other species with regard to these cells was the lack of tonofilaments on conventional electron microscopy in the present study. Cortical epithelial cells of the chicken thymus contain keratin, which can be seen by immunostaining (Kira! ly & Celio, 1993 ; Hapak et al. 1996) . However, we have recently shown that immunohistochemical staining for keratin in epithelial cells in the pigeon thymus was weaker in the cortex than in the medulla (Atoji et al. 1999) . It is possible that keratin may not be formed in the cortical epithelial cells in sufficiently large quantities or bundles to be detected by electron microscopy in the pigeon. Parvalbumin-immunoreactive polygonal epithelial cells are different from medullary pale epithelial cells which form cystic walls in the pigeon thymus. That is, medullary pale epithelial cells have an ovoid-shaped nucleus and contain numerous bundles of tonofilaments in the cytoplasm (Atoji et al. 1999) . Polygonal parvalbuminimmunoreactive epithelial cells differ from the pale epithelial cells observed in the thymic cortex in the quelea, sparrow, and starling (Kendall & Frazier, 1979) by the presence of deep indentations in the pale nucleus and abundant organelles in the cytoplasm.
The presence of 2 ultrastructurally different types of parvalbumin-immunoreactive epithelial cells in the pigeon thymus suggests that they serve different functions, but this was not examined in the present study. In the human thymic cortex, 4 types of epithelial cell can be identified based on ultrastructural features : subcapsular-perivascular, pale, intermediate, and dark. These are thought to represent various stages of differentiation in that order (van de Wijngaert et al. 1984) . In birds, both types of epithelial cell are found in the thymic cortex in various species examined, but the presence of subcapsular epithelial cells has not been reported. Further studies using electron microscopy combined with immunohistochemistry will be necessary to establish the morphological relationships among various types of epithelial cell in the avian thymic cortex.
What is the role of parvalbumin in the cortical epithelial cells of the pigeon thymus? There are at least 2 possible functional roles for parvalbumin. The first is its effect on the maturation of intrathymic Tlymphocytes (Murthy et al. 1984) . In this instance, parvalbumin is probably secreted from cortical epithelial cells although no secretory granules of parvalbumin are observable in their cytoplasm. Previous studies have shown that parvalbumin binds on the surface of thymocytes in the cortex of the chicken thymus (Hapak et al. 1996) . These findings suggest that parvalbumin acts as a local hormone whose effect is probably limited within the supporting network of epithelial cells in the cortex. However, secretion of parvalbumin by cortical epithelial cells has not yet been detected. Parvalbumin may also act as a second messenger, a calcium-binding protein, in epithelial cells themselves. Parvalbumin belongs to one of the calcium-binding protein family which has EF-hand domains and is closely associated with the regulation of intracellular calcium concentration in various types of cell (Kretsinger, 1980) . Previous studies have shown that nerve growth factor induces an increase in calcium-channel currents in neurons (Lei et al. 1998 ). Brain-derived neurotrophic factor and neurotrophin-3 induce the expression of calbindin, a calciumbinding protein, in developing GABAergic neurons (Pappas & Parnavelas, 1997) . These findings indicate that neurotrophins may activate a Trk family of tyrosine kinase receptors and influence intracellular calcium behaviour associated with calcium-binding proteins in neurons. In the pigeon, TrkA and TrkC neurotropin receptors are localised in cortical epithelial cells of the thymus (Ciriaco et al. 1996) . This suggests that extrathymic neutrophins activate Trk receptors, which mediate a calcium signalling pathway in parvalbumin-immunoreactive epithelial cells of the pigeon thymus.
In addition to parvalbumin, cortical epithelial cells of the chicken or quail thymus also produce cortisol, major histocompatibility complex Ia, and thymulin (Guillemot et al. 1984 ; Marsh & Scanes, 1994 ; Ottaviani et al. 1998) . The exact types of epithelial cell involved in the production of these substances are not known at present, but it is likely that extra-or intrathymic hormones or cytokines including parvalbumin are involved in the normal function of epithelial cells in the avian thymus.
